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Abstract

Between Run II commisioning in early 2001 and the end of operations in Septem-
ber 2011, the Tevatron collider delivered 12 fb−1 of pp̄collisions at

√
s= 1.96 TeV

to the Collider Detector at Fermilab (CDF). During that time, the CDF silicon ver-
tex detector was subject to radiation doses of up to 12 Mrad. After the end of op-
erations, the silicon detector was annealed for 24 days at 18◦C. In this paper, we
present a measurement of the change in the bias currents for asubset of sensors
during the annealing period. We also introduce a novel method for monitoring
the depletion voltage throughout the annealing period. Theobserved bias current
evolution can be characterized by a falling exponential term with time constant
τI = 17.88±0.36±0.25 days, in good agreement with Hamburg-model predic-
tions. For the depletion voltage, we observe an average decrease of(27±3)% in
the depletion voltage, whose evolution can similarly be described by an exponen-
tial time constant ofτV = 6.21± 0.21 days. The depletion voltage results both
deviate from the Hamburg-model predictions by roughly one standard deviation.
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1. Introduction1

In high-energy physics (HEP) experiments, silicon sensorsserve a crucial2

role in the detection of charged particle positions, momenta, and to some extent,3

dE/dX information. Due to their typically close location to the collision point of4

hadron colliders, silicon sensors often incur intense radiation damage due to the5

numerous particles from collisions that traverse them. Themacroscopic effects of6

radiation damage on silicon sensors in HEP detectors has been extensively stud-7

ied. The leakage currents increase linearly with radiationdose, and forn-bulk8

sensors, the depletion voltageVdep initially decreases until the sensor appears to9

undergo type inversion, at which pointVdep then increases with radiation dose.10

These macroscopic changes have been linked to the formationof crystal defects11

when atoms are displaced from their lattice positions aftercollisions with particles12

from the radiation field.13

The process of annealing is the opposite effect, where increasing the temper-14

ature of the silicon sensor allows the displaced atoms to settle back into a vacant15

lattice position, eliminating the local crystal defect, and at least partially recover-16

ing some of the initial behavior of the silicon sensor as it was before irradiation.17

Annealing, which is strongly temperature dependent, has been studied with test18

sensors, where the irradiation phase and the annealing phase can be isolated from19

each other by strict temperature controls. Such temperature control enables the20

construction of silicon-behavior models which can closelyapproximate ideal sili-21

con sensor behavior. The most popular of these is theHamburg model[1, 2] and22

verification of it and other models is still ongoing.23

Because annealing can prolong the life of a HEP silicon detector, understand-24

ing how the macroscopic quantities such as leakage current and depletion voltage25

change with time for different temperatures is of great interest to the HEP silicon26

detector community. Test bench studies are usually done at warm (40-80◦C) tem-27

peratures to maximize the annealing effect in the availabletime, while annealing28

of HEP detectors is more practical at room temperature.29

This article describes the annealing studies that were performed with the sil-30

icon detector system at the CDF experiment at Fermi National Accelerator Lab-31

oratory. The silicon sensors were exposed to 0.4-12 Mrad of radiation over the32

course of 10 years, and dedicated annealing studies were performed after the end33

of Tevatron Run II. Thisin-situmeasurement of annealing with an operating HEP34

detector required a new method for monitoring the depletionvoltage of the sen-35

sors. We discuss some annealing theory in Sec. 2 and the detector in Sec. 3. The36

measurement and monitoring procedures are detailed in Sec.4. The analysis of the37

3



current changes and depletion voltages are given in Secs. 5 and 6 and the results38

and conclusions follow in the remaining sections.39

2. Silicon Annealing40

The behavior of a silicon detector can be characterized by several quantities.41

For this study, we consider the leakage current, and the depletion voltageVdep,42

which for an unirradiated sensor is defined as the minimum bias voltage applied43

to the sensor that can deplete it of free charge carriers. As the silicon sensors are44

irradiated, the behavior of these quantities changes. The leakage current increases45

in a manner linearly proportional to the fluence:46

∆I = αΦeqV (1)

whereα is the current related damage rate,Φeq is the fluence, andV is the volume47

of the sensor.∆I is the increase in leakage current from its original valueI0. The48

magnitude ofα is temperature-dependent and on the order of 10−17 A/cm.49

During annealing, the leakage current is observed to decrease and the rate50

of this decrease strongly depends on temperature, based on studies performed51

in the temperature range 0-60◦C. The decrease of the leakage current is often52

parameterized according to the Hamburg model, which suggests a leakage-current53

evolution according to the formula:54

∆I(t) = ∆I(t0)∑
i

bi exp

(
− t

τi

)
. (2)

In this expression,t0 represents the start time of annealing and the sum is over dif-55

ferent types of crystal defects, each of which has a temperature-dependent char-56

acteristic time constantτi and an amplitudebi, subject to the constraint∑i bi = 1.57

Table 1 shows characteristic values for the constantsbi andτi for the annealing58

Term i 1 2 3 4 5 6
τi at 18◦C (days) 1.68×10−2 1.12×10−1 1.02 13.9 83.7 ∞
τi at 11◦C (days) 4.99×10−2 3.32×10−1 3.05 41.4 249 ∞
τi at -5◦C (days) 7.46×10−1 4.97 45.5 619 3 720 ∞
bi 0.156 0.116 0.131 0.201 0.093 0.303

Table 1: Characteristic values assumed forbi andτi in Eq. (2), based on details found in Refs. [1,
2]. The time constants have been scaled to various temperatures using the Arrhenius equation.
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Figure 1: Expected behavior of the bias current during annealing for various temperatures, based
on constants in Ref. [1, 2]. The shaded region corresponds tothe period when annealing data was
recorded for this study.

temperature of 18◦C, and also 11◦C and -5◦C, which are the the nominal oper-59

ating temperatures of the SVX and L00 CDF silicon subdetectors, respectively60

(see Sec. 3). Note that the weightsbi are not temperature dependent, but the time61

constantsτi scale according to the Arrhenius equation.62

Figure 1 shows the expected leakage current behavior duringannealing for63

annealing temperatures of 15, 18 and 21◦C. As can be seen, the leakage current64

is at its maximum immediately after warming, and then decreases due to the an-65

nealing behavior as described in Eq. (2). The shaded region in Fig. 1 corresponds66

to the period when CDF annealing data were recorded. As the time constants67

of the individual terms in Eq. (2) span several orders of magnitude, the measure-68

ments presented are sensitive to only a subset of the parameters in Eq. (2). A more69

appropriate parameterization is thus70

∆I(t) = AI exp

(
− t

τI

)
+BI , (3)

whereAI andBI are empirical constants, andτI is a time constant associated with71

annealing; it is calculated to be 17.6 days, as discussed in Sec. 8.1.72

The change in the depletion voltageVdep during annealing occurs in a more73

complicated fashion. According to the Hamburg model, as thesensor is irradiated74
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with an accumulated fluenceΦeq, Vdep changes proportionally to any adjustments75

in the effective doping concentration:76

∆Neff = NA(Φeq, t)+NC(Φeq)+NY(Φeq, t) (4)

wheret is the annealing time, andNA, NC andNY represent contributions from77

short-term annealing, a stable damage component independent of annealing time,78

and reverse-annealing, respectively. As we are primarily interested in the time-79

dependence of annealing,Nc merely serves as an overall offset, and so we do not80

specify its explicit form. The short-term and reverse annealing components, are81

given by:82

NA(t) = NAexp

(
− t

τA

)
, and (5)

NY(t) =





NY (1−exp(−k1Yt)) for first-order process

NY

(
1− 1

1+k2YNYt

)
for second-order process

. (6)

where the dependencies on the fluenceΦeq have been absorbed by the constants83

NA andNY. An explanation of the definitions and differences of first- and second-84

order processes can be found in Ref. [1].85

At room temperature, reverse-annealing has a time scale on the order of 50086

days [1], for which both first- and second-order processes can be approximated87

for this analysis by a term linear in annealing time:NY(t) ≈ NYt/τY, whereτY88

is the 500-day time constant. We therefore expect the depletion voltageVdep to89

follow90

Vdep= VAexp

(
− t

τV

)
+VC +VY

(
t

τY

)
(7)

whereVA andVC represent offsets, andVY is the constant associated with reverse-91

annealing. The short-term annealing time constantτV is expected to be 3.6+2.2
−1.392

days, based on parameters given in Ref. [1], and scaling to 18◦C using the Ar-93

rhenius equation. Note that the value of this time constant is expected to be much94

less than that of Eq. (3).95

To illustrate the temperature dependence on the predicted annealing behavior96

of Vdep, we plot the Hamburg-model prediction assuming annealing temperatures97

of 15, 18, and 21◦C, shown in the top plot of Fig. 2. For these predictions, we use98

values ofVA, VC andVY based on estimates made specifically for the L00 narrow99
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ladders of the CDF silicon detector (see Sec. 3). The lower plot of Fig. 2 shows100

the nominal prediction for theVdep annealing behavior at 18◦C, and also shows101

the uncertainty in that prediction, based on estimates in the model parameters as102

derived in Ref. [1]. Note that whereasVdep is expected to reach a minimum at103

some point during annealing, the same behavior is not expected for the leakage104

current, which decreases monotonically as a function of annealing time.105

Assuming the Hamburg model appropriately describes the behavior of the sil-106

icon sensors at CDF, we expect the after-before depletion voltage ratio to reach107

a minimum before the end of the measurement window, reachinga value some-108

where between 50% and 65% assuming no annealing prior to the end of Run II.109

Due to scheduling constraints, we were unfortunately unable to extend the mea-110

surement window to distinguish between an asymptote and a minimum.111

3. The CDF Silicon Detector112

The CDF silicon detector system consisted of three sub-detectors, all with113

barrel geometry: Layer 00 (L00) [3, 4], the Silicon Vertex detector (SVX) [5]114

and the Intermediate Silicon Layers (ISL) [6]. Unless otherwise stated, “detector”115

refers to the CDF silicon detector. Figure 3 presents the schematic layout of the116

CDF silicon detector. The design had eight siliconlayers to provide tracking117

which was robust against failure or degradation of individual components.118

The basic structural unit of a sub-detector was aladder, which consisted of119

several silicon microstrip sensors bonded in series (3 sensors for L00 ladders, 4120

in SVX ladders and 6 in ISL ladders). Only L00 sensors and SVX sensors in121

layers 0, 1 and 3 were used in this study. SVX sensors in layers2 and 4 developed122

complicated noise profiles making simple data analysis described in this paper123

unfeasible. The ISL ladders were located too far from the beamline to receive124

significant dose of radiation and were therefore not of interest for this study, and125

are not discussed further in this paper.126

The sensors were made from high-resistivityn-type silicon with a nominal127

thickness of 300µm. Sensors in L00 were single-sided, providingr-φ information,128

while sensors in the other layers were double-sided, providing both r-φ and r-z129

information.130

A full ladder was read out from both ends through SVX3D readout chips131

mounted on electrical hybrids, located outside (for L00) orinside (for SVX) of132

the tracking volume. Multiple readout chips were chained together to read out a133

single silicon sensor. A circuit board called theportcard was located at the pe-134

riphery of each support structure or bulkhead and formed an interface with the135
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Figure 2: Expected behavior of the depletion voltageVdep, assuming the Hamburg model, for
various annealing temperatures (top), and for 18◦C, but including the one standard-deviation un-
certainties on the parameters that are assumed in the model (bottom). For this study, data were
collected in the time period indicated by the boxed region.

hybrids and readout chips with the rest of the data acquisition system.136

Layer 00 was a single-sided, single-layer silicon microstrip detector whose137

sensors were grouped into 48 ladders. It was mounted on a carbon fiber support138

structure which in turn was mounted directly on the beam pipe. The L00 ladders139

are classified asnarrowsor wides, based on the azimuthal extent of the ladder.140

Narrow ladders were positioned closest to the beam pipe at a radius of 1.35 cm;141

the wide ladders were located farther away from the beam pipeat a radius of 1.62142
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cm.143

The SVX detector was built in three cylindrical barrels each29 cm long. Each144

barrel contained five layers of double-sided silicon microstrips placed along the145

beam axis, with radial coverage from 2.5 to 10.7 cm. Carbon fiber reinforced Ro-146

hacell foam [7] provided support to the ladders, and beryllium bulkheads provided147

additional support and alignment on each end. Therefore thedetector consisted148

of six bulkheads (z-segmentation), each divided into 12 wedges (φ-segmentation)149

consisting of 5 layers (r-segmentation).150

The CDF silicon detector used power supply modules manufactured by CAEN151

(A509 for SVX and A509H for L00). These custom modules were housed in152

SY527 mainframe crates located in the corners of the CDF collision hall. One153

power supply module provided low voltages (2 V and 5 V) to the portcard, low154

voltages (5–8 V) to the SVX3D chip chains, and high voltage (up to 500 V) to bias155

the sensors of one wedge of the silicon detector. L00 laddershad two bias voltage156

lines. One voltage line was connected to one of the three L00 ladder sensors while157

the second one was used for the other two.158

The SVX and L00 sensors shared a common cooling system to remove the heat159

generated by the readout chips and maintain a constant operating temperature for160

the silicon sensors. The temperature of the coolant exitingthe chiller was−10◦C.161

The SVX sensors were not in close thermal contact with the coolant and their162

temperatures were not directly monitored. However, by combining the measure-163
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L00N L00W SVX-L0 SVX-L1 SVX-L3
Number of ladders 12 36 72 72 72
Sensors per ladder 3 3 2 2 2
Distance from detector axis 1.35 cm 1.62 cm 2.54 cm 4.12 cm 8.22 cm
Expected dose 11.5 Mrad 8.7 Mrad 4.5 Mrad 2.2 Mrad 0.76 Mrad
AverageIbias per sensor 200µA 250µA 500µA 400µA 300µA
Power supply limit per line 3000µA 6000µA 5000µA 5000µA 5000µA
Sensor temperature -3 ◦C -3 ◦C 11◦C 11◦C 11◦C
Max. operating voltage 500 V 500 V 200 V 200 V 200 V
Final operating voltage 365 V 300 V 170 V 100-130 V <100 V

Table 2: Number of ladders in each layer, distance from the beamline, estimated radiation dose,
as well as operating voltage and bias current at the end of RunII. The L00 ladders are classified
as L00N or L00W, based on the whether the ladder is narrow or wide in azimuthal extent, re-
spectively. The current temperature of L00 has a 2.5◦C uncertainty and/or variation. The current
temperature of SVX has a 5◦C uncertainty and/or variation among the sensors.

ments of the ambient and coolant temperatures as a function of time with a finite164

element thermal model and a dedicated post-run measurement, the temperatures165

of the sensors during data-taking conditions are estimatedto be between 10 and166

12◦C for SVX. For the L00 sensors, cooling was achieved through thermal con-167

tact to aluminum tubes glued to the mechanical supports. TheL00 readout chips168

were distant from the sensors, and cooled by separate cooling lines, allowing a169

temperature of -2.5◦C for the L00 sensors during data taking operations.170

The radiation dose the detector was exposed to was estimatedusing TLD mea-171

surements of the radiation field in the CDF tracking volume [8], extrapolated to172

the location of the individual silicon layers. The equivalent dose from 1 MeV173

neutrons can be approximated by assuming that the contributions from photons174

and low-energy neutrons to the TLD measurements are negligible and that the175

damage is caused primarily by high-energy charged pions. This results in the rela-176

tions 1 Mrad≈ 3.9×1013 high-energy pions/cm2 ≈ 2×1013 1 MeV neutron/cm2177

equivalent.178

Table 2 provides information about the number of ladders in each layer used in179

this measurement, distance from the beamline, estimated radiation dose, as well180

as operating voltage and bias current at the end of Run II. The bias currents in181

sensors from the same layer vary by 20%, largely due to temperature differences182

among the sensors. It is worth noting that only one sensor perL00 ladder was183

used in this measurement because the bias voltage lines connected to two sensors184

drew too much current to be powered at 18◦C.185
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4. Measurement Procedure186

The annealing measurement presented in this paper lasted for 24 days. The re-187

sults are based on the measurements ofIV curves of the sensors and the evolution188

of these curves as a function of annealing time. For this study, the detector was189

warmed up from operating temperature described in the previous section to 18◦C.190

Higher temperatures were desired for the annealing measurement, but could not be191

reached due to current in the bias lines exceeding the power supply limit. Because192

the bias current is very sensitive to the temperature of the ladder, attempts have193

been made to minimize the effects of ladder self-heating andcross-heating from194

other ladders used in the study. Unless otherwise stated, detector/ladder OFF state195

in this paper refers to both high and low voltages set to 0 volts and detector/ladder196

ON state refers to both high and low voltages set to their nominal values.197

4.1. Power Supply Modifications198

As stated earlier, CAEN power supply modules provided low voltages to the199

portcard, low voltages to the SVX3D chip chains, and high voltage to bias the200

sensors of one wedge of the silicon detector. A safety feature prevented the mod-201

ules from powering ON the high voltage (HV) channels withoutfirst ensuring that202

the corresponding low voltage (LV) channels are ON. Anothersafety feature of203

the power supply modules prevented them to be powered ON whenone or more204

HV or LV cables are disconnected. In other words, in the Run II operating con-205

figuration, it was impossible to apply bias voltage without switching on power to206

the portcards and readout chip chains. When powered, these electronics provided207

significant heat to the sensors. Therefore, modifications were needed to the power208

module configuration in order to de-couple the HV and LV channels and apply209

bias voltage with LV cables disconnected.210

4.2. IV scan software211

Custom software was developed in order to perform automaticIV scans. A212

scan consisted of varying the bias voltage from 0 toVmax in multiple steps for213

a particular ladder. The value ofVmax depended on the detector layer to which214

the ladder belonged. The step size was also layer dependent and typically in the215

range of 5–10 V. Not more than two L00 ladders were scanned simultaneously to216

avoid the effects of cross-heating. Moreover, any ladders scanned in parallel were217

required to be well separated in the detector volume. For such configurations, the218

effects of cross-heating were proved to be negligible by observing no change in219

the bias current for one of the ladders while the other was powered on and off.220
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4.3. Detector Monitoring221

Monitoring software was developed to ensure successful execution of the an-222

nealing study. TheIV , Ibias-vs.-time andVbias-vs.-time curves were stored for each223

scan and checked each day. Any changes in operating temperature outside the224

allowed tolerance triggered an alarm.225

4.4. Timeline of the Measurement226

Preparation for the measurements started on 09/30/2011, the official end of227

the Tevatron Run II. DedicatedIV scans with L00 and SVX low voltage ON were228

performed. These data help determine the overall change in depletion voltage229

during the annealing period. L00 and SVX were switched OFF after these scans,230

and the chiller setpoint temperature raised to -5◦C to avoid freezing in the ISL231

cooling pipes.232

On 10/3/2011, the modifications to the power supply modules were completed,233

and the LV cables were left disconnected from the power supplies until the final234

day of the study. In parallel, the interlock system settingswere changed to allow235

powering up the detector at temperatures higher than allowed during data taking.236

The warm-up started on 10/4/2011 and was performed by raising the chiller set-237

point temperature in three steps: to 5◦C, to 15◦C, and to 18◦C. The warm-up238

stages were separated by three hours in time to allow the temperature in the detec-239

tor volume to stabilize.IV scans were performed at the end of each stage of the240

warm-up.241

From 10/4/2011 to 10/27/2011, stable thermal conditions were maintained,242

except for two trips of the chiller that regulated the coolant temperature. These243

trips resulted in colder temperatures for 2-3 hours, and data acquired during these244

periods were discarded.IV scans were performed on groups of 2 L00 ladders at245

a time, with each ladder being scanned roughly every 21 hours. The temperature246

of the detector volume and the status of the power supply modules were closely247

monitored.248

On 10/28/2011, the chiller set point was lowered from from 18◦C to 9◦C to249

measure bias currents of the SVX ladders at a controlled temperature, uniform250

across the ladders. These data were used to determine the operating temperature251

of the SVX ladders reported in Table 2. On 10/30/2011, the chiller set point was252

lowered to 0◦C to provide stable and uniform thermal conditions for the L00 lad-253

ders. The bias current of each L00 ladder was measured both atthe full operating254

voltage and half the operating voltage. Only one ladder was powered at a time for255

maximum thermal stability. These data were used to determine the thermal cou-256
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pling constantsκ for each ladder, needed for the self-heating corrections discussed257

in Appendix A.258

Finally, on 10/31/2011, the LV cables were reconnected to the power supply259

modules, the chiller setpoint lowered to -10◦C, and the LV power turned on. An-260

other set ofIV scans under operating (data taking) conditions was recorded. The261

change in depletion voltage over the annealing period was determined by com-262

paring these scans with those taken before the warmup with the same thermal263

conditions.264

5. Bias Current Evolution265

The change in bias current during the annealing period in twoways. We first266

measure the fractional change over the entire annealing period by comparing the267

bias current measured under operational thermal conditions before and after the268

annealing period. Under these thermal conditions, the selfheating of the ladders is269

negligible. Figure 4 shows the ratio of the average ladder current after and before270

annealing as a function of radial distance from the beam axis. The average is taken271

over all functional ladders in the layer.272

Secondly, we track the bias current evolution over the course of annealing. By273

examining the current measured at the largest voltage of each IV scan, roughly274

every 21 hours, the shape of the bias current decrease can be examined. The275

self-heating of the sensors is substantial under these circumstances, increasing the276

temperature as much as 3◦C. The bias currents have a strong temperature depen-277

dence, increasing roughly 10% for every degree increase in temperature [9]. Thus,278

the measured currents must be corrected back to the equivalent current at 18.2◦C279

before information about the annealing processes can be extracted. It is assumed280

that the temperature increase is linearly proportional to the power dissipated by281

the ladder, and the constant of proportionalityκ, unique to each ladder, was deter-282

mined with a dedicated measurement described in Appendix A.Note that only283

the narrow ladders of L00 are used for the warm-temperature measurements. This284

is because the wides dissipate 3-4 times more heat due to their larger sensor vol-285

ume, and they have a weaker coupling to the cooling system, which introduces286

complications to the self-heating correction procedure.287

Figure 5 shows the data for a typical L00 narrow ladder. The measured cur-288

rents at the full voltage are shown as a function of annealingtime with red squares.289

The blue circles represent the equivalent current at 18.2◦C. The annealing time290

dependence of the corrected currents is fit to Eq. (3), and thefit result is shown as291

a solid line.292
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An alternate fit function, with an additional exponential term, was considered.293

However, the uncertainties on the parameters of the additional term were large,294

suggesting that it is not needed to describe the data. This isdiscussed further in295

Sec. 7.296

The uncertainty on the parameterκ in the temperature correction determines297

the shaded uncertainty band shown around the best fit in Fig. 5, and is used to298

determine the systematic uncertainty on the time constant of the decaying expo-299

nential. A compilation of the fit results for all ladders is presented in Sec. 7.300

6. Depletion Voltage Changes301

As mentioned in Sec. 2, the behavior of a silicon sensor is partially charac-302

terized by the depletion voltageVdep, which is the minimum bias voltage that303

depletes the active detector region of any charge carriers.In the context of test304

beam setups, the value ofVdep is determined by measuring the capacitance of the305
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sensor as a function ofVbias. TheCV curve exhibits a kink at high voltage, and306

the intersection of two lines that describe the data before and after the kink unam-307

biguously definesVdep. For an operating experiment, the capacitance cannot be308

measured practically, so an alternate definition ofVdep is used, which corresponds309

to the voltage that maximizes the signal collection in a given data-collection time310

window (see Ref. [10] for details).311

For the annealing study presented here, a signal source (i.e. source of charged312

particles) was not available, thus requiring an alternate method to determineVdep.313

As the shape of theIV curve is the only feature we have to infer the internal314

properties of the silicon sensor, we develop a metric calledVknee, which is a value315

extracted from a fit to theIV characteristic itself, as discussed in Sec. 6.1.316

We useVkneeto measure two quantities:317

1. The relative change in depletion voltage, based on the mapping method318

described in Sec. 6.2, and319

2. The evolution ofVkneethroughout the annealing process, characterized by a320

time constant as described in Sec. 6.3.321

6.1. IV Fit Procedure322

For eachIV scan taken, the data are fit to a function, motivated by the Shock-323

ley formula for ap-n junction [9], and an additional term linear inVbias, which324

accounts for radiation-damage effects, approximated by a resistor placed in paral-325

lel with a p-n junction:326

Ibias(Vbias;p) = p0− p1exp
(
−p2V

p3
bias

)
+ p4Vbias , (8)

where the{pi} represent parameters to be fitted. TheIV data are fit using 80% of327

the voltage range, so as to minimize potential residual self-heating effects that can328

occur at the largest voltages. TheIbias uncertainties assumed correspond to half329

of the spread of the measured bias current for a given voltagesetting, after effects330

from self-heating have stabilized. Typically this uncertainty is on the order of a331

few µA. An additional uncertainty of 1µA, corresponding to the uncertainty of332

the least-significant bit, is added in quadrature to this spread.333

We define the knee voltageVknee as the voltage where the slope of the fit334

reaches 5% of its maximum value, relative to the difference of the maximum and335

minimum slopes. The uncertainty inVknee is determined by propagating the un-336

certainties on the fit parameters (assumed to be Gaussian-distributed about their337

central values), using a pseudoexperiment study that accounts for the fit-parameter338

correlations.339
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Figure 6: The fit of a warmIV scan for an example ladder, corrected for self-heating effects. Also
shown are the uncorrected data points in black.

Figure 6 shows an example fit for one of the L00 ladders. The original, uncor-340

rected data points are shown as black circles, and theκ-corrected points as blue341

squares. TheIV fit is performed on theκ-correctedIV points, using the parame-342

terization of Eq. (8). Also shown is the extracted knee voltage, and its associated343

uncertainty (which is on the order of a few V, and thus difficult to see for this344

particular fit). As illustrated in Fig. 6, the effect of the self-heating correctionκ345

(Appendix A) can be significant at higher voltage values. This behavior is not ob-346

served for low-voltage ONIV scans, which were performed at low temperatures.347

Theκ corrections are thus omitted for the analysis of the LV ON scans, which are348

described in Sec. 6.2.349

6.2. Overall Relative Change in Vdep350

As mentioned in Sec. 4.4, separate low-voltage (LV) ON scans, corresponding351

to operating conditions, were taken before and after the annealing period. Al-352

though we have no signal source to inferVdep values for these scans, we develop353

a map betweenVknee andVdep for the L00 ladders. To construct such a map, we354
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use information from the scans performed during nominal CDF running that deter-355

mined the actual depletion voltageVdep, and the correspondingVkneevalue derived356

from fits to theIV data using the same functional form as shown in Eq. (8). We357

take the extractedVknee values and plot them against the measuredVdep values,358

and then use an analytical expression to relate the two sets of values.359

Whereas theVkneedetermination of each nominal-running scan is usually reli-360

able, theVdepvalue often includes large uncertainties. This is a result of increased361

radiation damage on the silicon ladder as a function of integrated luminosity. We362

therefore assume a simple linear parameterizationVdep= p0 + p1Vknee, which as-363

sociates a given value ofVkneetoVdep. Some sample mappings are given in Fig. 7.364

Using these linear mappings, we take the measuredVkneevalues from the LV365

ON scans before and after annealing and associate them with mapped depletion366

voltages̃Vdep. We then infer the decrease in mapped depletion voltage, by forming367

the ratioṼdep/Ṽ0
dep, whereṼ0

depcorresponds to the mapped depletion voltage before368

annealing. This quantity is measured for eleven L00 ladders, and the result from369

each ladder is combined into a global average, presented in Sec. 7.370

Note that by using these mappings, we assume that:371

1. Vkneeserves as a reliable metric of theIV curves that associates theIV data372

to a unique value of the depletion voltageVdep, and373

2. as a mapping can be made only of pre-annealed data, we assume that the374

behavior ofVkneebefore annealing corresponds to its behavior afterward.375

6.3. VkneeEvolution376

Although it would have been desirable to track the evolutionof Ṽdep over the377

course of the full month of annealing, theVknee-Vdepmaps as described in Sec. 6.2378

cannot be used due to non-trivial temperature dependences of Vknee. To use the379

maps, the silicon sensor temperatures would have had to be lowered to nominal-380

running temperatures after eachIV scan was taken, which was impractical. In-381

stead, we track the evolution of the knee voltage during the annealing period.382

Figure 8 shows theVknee values, associated with fitting theIV curves over383

the course of a month, for one of the L00 ladders. To extract anoverall time384

constant, we assume theVknee evolution follows Eq. (7), and we fit forVA, VC,385

and the time constantτV—we omit the reverse-annealing term proportional toVC386

as we observe no increase inVknee at larger values of annealing time. The solid387

line in Fig. 8 corresponds to the best fit using the Eq. (7) parameterization without388

the reverse-annealing term, resulting in a fitted time constant ofτV = 6.14±0.38389

days.390
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Figure 7:Vknee-Vdep mappings for two L00 narrow ladders. The uncertainties in both directions
are taken into account using the “effective variance” fit method. In general, theχ2/ndf is very
consistent with unity. The plot on the right shows the poorest example of any obvious mapping
betweenVdep andVknee.

Systematic uncertainties due to the self-heating correction κ are incorporated391

by varyingκ by its uncertainty in the positive and negative directions,and refit-392

ting theκ-correctedIV data. The fits corresponding to varyingκ are shown as a393

red, shaded region in Fig. 8. From these alternate fits, we extract the correspond-394

ing time constants and assign the maximum deviation fromτV as the systematic395

uncertainty on the result. For the L00 ladder shown, the systematic uncertainty396

is 0.07 days, givingτV = 6.14±0.38±0.07 days. This analysis is repeated for397

eleven L00 ladders. A weighted average of the time constantsfrom the eleven398

L00 ladders is performed and shown in Sec. 7.399

7. Results of the Annealing Study400

Figure 9 displays the fitted time constant of the bias currentevolution shape401

for each narrow ladder, as described in Sec. 5. The individual results are consis-402

tent with a single time constant, suggesting that potentialdifferences among the403

ladders due to (e.g.) annealing temperature or radiation dose variations are small.404

The weighted average ofτI = 17.88±0.36±0.25 days is obtained by assuming405

uncorrelated statistical uncertainties and fully correlated systematic uncertainties406

due to the self-heating corrections, as described in Appendix A. The total uncer-407

tainty on the combined result is indicated with a shaded band.408
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Figure 8: Exponential fit toVkneevalues that include the systematic uncertainty from theκ values.

Figure 10 shows the after-before ratio in mapped depletion voltageṼdep, as409

described in Sec. 6.2, for each of the L00 ladders consideredas well as a weighted410

average. The uncertainties of eachṼdep determination are assumed to be uncorre-411

lated. The average after-beforeṼdepratio is thus 0.73±0.03, indicating an average412

reduction of roughly 25% inVdep due to annealing.413

Finally, we present the averaged result for theVkneeevolution time constant in414

Fig. 11, as described in Sec. 6.3. The results is an average ofτavg = 6.21±0.18415

days. The statistical uncertainties are again assumed to beuncorrelated, whereas416

the systematic uncertainties due toκ are treated as fully correlated in the weighted417

average. The solid vertical line and red, shaded region represent the weighted418

average and its total uncertainty, respectively.419

8. Comparison with the Hamburg Model420

In order to compare these measurements with the Hamburg Model, the fraction421

of annealing that happened during the run must first be estimated using the record422

of sensor temperatures as a function of time. The temperatures of SVX and L00423

sensors during data taking operations were roughly 11◦C and -2.5◦C, respectively.424
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Figure 9: Time constants for decrease in temperature-corrected current corresponding toVop.

During shutdowns, with the heat load from the readout chips removed from the425

system, temperature of both the SVX and L00 sensors was 0-5◦C.426

During data-taking operations, the SVX sensors were sufficiently warm that427

annealing and irradiation happened simultaneously throughout the run. Annealing428

during shutdown periods was negligible compared with operations for the SVX429

sensors for both bias current and depletion voltage. The L00sensors were colder430

during operations. Figure 8.1 shows the average measured cooling line tempera-431

ture for each day as a function of time during the run, with shutdowns indicated432

with shaded bands. After the first inverse femtobarn of integrated luminosity, the433

coolant temperature was kept below 5◦C even during shutdowns. During shut-434

downs, the sensor temperature was very close to the coolant temperature as the435
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Figure 10:Ṽdep/Ṽ0
dep determinations for the eleven narrow L00 ladders, along with the weighted

average.

readout chips were not powered and therefore the heat load onthe system was436

significantly reduced. During operations, the sensor temperature is estimated to437

be 2.5◦C warmer than the coolant, or -2.5◦C on average. A few small spikes in the438

daily average not associated with a shutdown period are visible and result from439

excursions for a few hours to warmer temperatures during short interruptions in440

coolant circulation.441

8.1. Bias Current Evolution442

The total change in bias current expected during the annealing period can be443

predicted from Eq. (2) and compared to the observed values reported in Fig. 4. The444
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Figure 11: Annealing time constants for the eleven narrow L00 ladders, and the weighted average,
assuming the measurements are uncorrelated.

first three terms in Eq. (2) have time constants of 24 minutes,2.7 hours and 1.0445

days at 18◦C, or equivalently 18 hours, 5.0 days, and 46 days at -5◦C, respectively.446

Thus, the bias current reduction due to annealing represented by the first two terms447

happened during operations in a continuous fashion for L00.The contribution448

from the third term is also anticipated to be negligble, considering that less 10%449

of the total radiation dose was delivered in the last 90 days of Run II. Considering450

only the remaining three terms, the after-before ratio of bias currents is expected451

to be 68% for 24 days of annealing at 18◦C, consistent with the measured values452

for the L00 sensors. For the SVX sensors, only the last two terms are relevant453

for the annealing study, and 94% is expected for the after-before ratio of the bias454

currents, again consistent with the measured values.455
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Figure 12: The average cooling line temperatures for L00 during Run II. Shutdowns are indicated
with shaded bands. Some values of of integrated luminosity are indicated along the top of the
plot at the time they were reached, but there is not a linear correspondence between time and
luminosity.

Similarly, we can compare the observed exponential decay ofthe bias current456

with expectations. An experiment was simulated by calculating expected mea-457

sured currents with a modified version of Eq. (2) for the annealing time patterns458

of the actual measurements, every 21 hours starting 1.5 daysafter warmup. Using459

the considerations of the previous paragraph, Eq. (2) was modified by setting the460

amplitudes of the first three terms,b1,b2 andb3 equal to 0.461

The upper plot of Fig. 8.1 shows with a dashed line, the expected measured462

bias currents as a function of annealing time from the modified Eq. (2). In both463

plots, the circles represent the expected measurements calculated by sampling the464

dashed line every 21 hours starting at 1.5 days. The solid line in the lower plot is465

the best fit to the sampled currents using Eq. (3), giving a time constant of 17.58466

days, which is in good agreement with the measured value of 17.88± 0.36±467

0.25 days.468

8.2. Depletion Voltage Evolution469

For the depletion voltage time constant, we expectedτV = 3.6+2.2
−1.3 days. Our470

measurement of 6.21±0.18 days exceeds this prediction by just over one standard471

deviation. Due to the complicated dependence on the variousmodel parameters,472

it is difficult to compare the measured after-beforeṼdep ratio of (73±3)% to the473
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Figure 13: A simulated measurement of the decaying bias currents. The upper plot shows with
a dashed line the function used to generate the points, a modified version of Eq. (2) with the
amplitudesb1,2,3 set to zero. The green solid line in the lower plot is the best fit result assuming
Eq. (3).
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Hamburg model-prediction, which is somewhere between 50% and 65%, as men-474

tioned in Sec. 2. It does appear that our measurement exceedsthat of the Hamburg475

prediction to some extent, which would be consistent with anassumption that an-476

nealing happened to some degree before the end of Run II.477

9. Summary478

After 12 fb−1 of integrated luminosity, the CDF Run II silicon detector was479

annealed at 18◦C for 24 days. The ratio of the bias currents after and before480

annealing is a measure of how much each subsystem annealed during the run.481

The overall change and evolution of the bias currents, depletion voltages, and482

Vkneevalues of several sensors during the annealing process weremeasured.483

For L00, we observed a decrease of the bias current and depletion voltage of484

the heavily irradiated sensors, with time constants consistent with the Hamburg485

model expectations. We observed no indication of the reverse annealing on this486

time scale.487

In contrast, the bias currents of SVX changed very little during the annealing488

period. This confirms that these sensors, with a significantly warmer operating489

temperature than L00, annealed while operating. As the operating temperature of490

the SVX sensors was not directly measured, and the prediction of their tempera-491

ture from finite element thermal models has large uncertainties, this is an impor-492

tant confirmation of the annealing during the run, which extended the lifetime of493

the detector.494
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Appendix A. Temperature corrections for dissipative heating512

The temperature dependence of the bias current for a fully depleted, reverse-513

biased diode is well understood [9]. If the currentI0 is measured at a known514

temperatureT0, then the current at temperatureT is given by515

I(T)

I0
=

(
T
T0

)2

exp

[
Eg

2kB

(
1
T0

− 1
T

)]
(A.1)

wherekB is Boltzmann’s constant andEg = 1.21±0.06 eV is the effective band516

gap energy [11].517

The temperature of a biased sensor increases as a result of resistive power518

dissipation in the sensor, hereafter referred to as “self-heating”. For theIV scans519

of the annealing period, this temperature increase was as large as 3◦C for the520

L00 narrow sensors at the largest voltages. Such a temperature shift can result in521

bias current deviations from nominal 18.2◦C values by as much as 30%. These522

temperature variations must be removed from a set of measured currents. before523

information about the annealing processes can be extracted.524

The measured currents can be corrected to a common temperature using Eq. (A.1)525

if the sensor temperature at the time of the measurement is known. The sensor526

temperature is not measured directly, however it can be calculated from the mea-527

sured currentI at a given bias voltageV, assuming that the temperature increases528

linearly with the power dissipated by the ladder:529

T = 18.2◦C+κIV (A.2)

whereκ is a proportionality constant.530

Using values ofκ determined with a dedicated measurement, a temperature531

correction was applied to the measured currents before extracting the knee volt-532

age, as shown in Fig. 6, and the time constant of the current decay, shown in533

Fig. 5.534
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Appendix A.1. Determination ofκ for each sensor535

The value ofκ for each sensor was determined by combining data from a536

dedicated reference current measurement with the last set of IV scans taken during537

the annealing period. A collection of reference current measurements were taken538

at the operating voltageVop and at half of the operating voltage 0.5×Vop after539

the 24-day annealing period. For these measurements, the readout chips were not540

powered and the measured cooling line temperatures were between -0.5 and 1.1◦C541

for the system. Only one sensor was biased at a time to minimize any potential542

heat load.543

The expected bias currentI ′ref at the annealing temperatureTa = 18.2◦C, in the544

absence of self heating, can be calculated from the measuredreference currents545

Iref546

I ′ref = Iref

(
Ta

Tref

)2

exp

[
Eg

2kB

(
1

Tref
− 1

Ta

)]
(A.3)

whereTref is the temperature of the sensor during the measurement of the reference547

currents.548

The last set ofIV scans taken during the annealing period contain bias cur-549

rents measured in this voltage range. Self heating increases the temperature of550

the sensor to a valueThot = 18.2◦C+ κIV , and the measured currentImeascan be551

corrected to the equivalent currentIcorr at the annealing temperatureTa = 18.2◦C552

by553

Icorr = Imeas

(
Ta

Thot

)2

exp

[
Eg

2kB

(
1

Thot
− 1

Ta

)]
. (A.4)

Because there are two reference current measurements at two different bias volt-554

ages for each sensor, unique values ofTref andκ for each sensor are determined555

by requiring thatIcorr = I ′ref for both measurements. This initial result is then im-556

proved upon iteratively by correcting the reference currents for a small amount of557

self heating, using the values ofκ andTref from the previous iteration in Eqs. (A.2)558

and (A.1). For all ladders, the values ofκ andTref converge in fewer than four it-559

erations. The difference between the initial and final values of κ is taken as a560

systematic uncertainty.561

Figure A.14 illustrates this process for a typical narrow L00 ladder. The mea-562

sured currentsImeasfrom theIV scan are shown as solid circles, and the corrected563

currentsIcorr as solid squares. The values ofκ andTref from the first iteration are564
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Figure A.14: The measured bias current as a function of bias voltage for a typical L00 narrow
ladder is plotted with blue circles. The equivalent currentat 18.2◦C is shown with solid red
squares. The open cyan squares show the reference measurement scaled to 18.2◦C and the green
triangles the reference measurement first corrected for self-heating and then scaled to 18.2◦C. The
valuesκ = 3.925 K/W andTref =−0.4◦C give the best agreement between the red squares and the
solid green line for this ladder.

those for which the solid squares agree with the dashed line,while the final val-565

ues give agreement with the solid line connecting the corrected reference currents566

shown with solid triangles. If the bias voltage value of theIV scan points do not567

exactly match those of the reference measurement, as in the example illustrated,568

then the twoIV scan points closest to the reference scan measurements are cho-569

sen, and a linear interpolation is used to obtain measured reference currents for570

those voltages.571

The distributions ofκ andTref are shown in Figs. A.15 and A.16. These values572

are expected to vary slightly with the ladder location and thermal connection to573

the cooling lines.Tref andκ have common systematic errors from the uncertainties574

on the absolute annealing temperatureTwarm= 18.2±0.5 ◦C and the effective gap575

energyEg = 1.21±0.06 eV [11]. Forκ, these two uncertainties combine to give576

an overall uncertainty of 0.05 K/W. The time delay between the last warmIV scan577

and the reference measurement is different for each ladder,varing from 3 to 24578
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Figure A.15: The distribution ofκ for the L00 narrow ladders.
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Figure A.16: The distribution ofTref for the L00 narrow ladders.
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hours. The current at fixed temperature and voltage decreases due to annealing579

during this time, but the change is observed to be less than 0.5% for the longest580

time period and the resulting shifts inTref and κ are negligible. An important581

verification of this self-heating correction method comes from the agreement of582

the best fit values ofTref with the expectationTref = 273.0±1.0±1.0 K derived583

from the measured cooling line temperatures.584
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